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Abstract
This paper presented an approach of combining together the biophysical, social and economic factors for spatially explicit
assessment of potential risks of food insecurity. Two indicators, i.e., per capita food availability and per capita Gross Domestic 
Product (GDP), were used here to cover the four dimensions of food security, with the former representing the status of food 
availability and stability and the latter reflecting the situation of food accessibility and affordability. These two indicators were 
then linked to an integrated modeling framework in a loose coupling method. This proposed approach was applied to assess 
potential future risks of food insecurity at a global scale over a period of approximately 20 years, starting with the year 2000. The 
results show that both changes in per capita food availability and changes in per capita GDP during 2000–2020 vary across 
regions worldwide. Some regions such as China, most eastern European countries and most southern American countries where 
there is an increase in per capita food availability or an increase in the capacity to import food between 2000 and 2020 might be 
able to improve their food security situation. On the contrary, certain regions such as southern Asian countries and most African 
countries will likely remain hotspots of food insecurity in the future. In these regions, both the per capita food availability and the 
capacity of being able to import food will decrease between 2000 and 2020, thus more efforts are needed to combat hunger in
terms of future actions. Although most developed countries will also experience both a decrease in per capita per capita food 
availability and a decrease in per capita GDP, these countries are likely to be food-secure due to their higher income and 
purchasing power, as well as the substantial adaptive capacity and proactive food management systems.
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1. Introduction
United Nations Food and Agriculture Organization (FAO) [1] defined food security as “a situation that exists 
when all people, at all times, have physical, social, and economic access to sufficient, safe, and nutritious food that 
meets their dietary needs and food preferences for an active and healthy life”. The food security status of any group 
can be normally considered as the principle outcome of food systems. Broadly and generically, the food systems are 
defined as a set of dynamic interactions between and within the biophysical and human environments which result 
in the production, processing, distribution, preparation and consumption of food [2]. With this, the three traditional 
components of food security are availability, access and utilization. Food availability relates to the availability of 
sufficient food, i.e., to the overall ability of the agricultural system to meet food demand. Access to food refers to 
the ability of a unit of individuals to obtain access to acquire appropriate foods for a nutritious diet. Food utilization 
refers to individual or household capacity to consume and benefit from food [3]. More recently, as climate change 
issues have caught great attention from the world, food stability, which relates to individuals who are at high risk of
temporarily or permanently losing their access to the resources needed to consume adequate food, is also considered 
one important component of food security [4].
Understanding or assessing food security status is high on the policy agenda for many countries, especially for 
development countries, simply because of its great implications for policy enactment for fighting against the food 
crisis and eradicating poverty and hunger so as to achieve the food security goal. Food security assessment can be 
analyzed for any unit ranging from an individual, a region to a nation. Previous and ongoing studies on assessment 
of food security are normally conducted at a national level [5-7]. These national analyses of food security, however, 
have some limitations in its usefulness for policy-makers and pose new challenges for future hunger reduction, since 
they do not reflect the considerable variations in the food security situation of households within a particular country.
The sub-national studies are also recognized to be necessary to quantify food security indicators [8]. Specific 
attention should be paid to a spatially explicit assessment on food security [9]. Furthermore, while there have been 
considerable progresses in understanding the sensitivities of crop yields or productions to environment change, in 
particular, climate change [10-14], these assessments of food security remain rather limited. Food security is
concerned not only with food availability but also with access to and stability and utilization of food. Although 
increases in the food production have resulted in successes in reducing the prevalence of hunger and improving 
nutrition worldwide, these successes are shadowed by serious concerns about other aspects of food systems that 
pose threats to social, economic and environmental goals and hence undermine food security. Those studies, which
focus only on crop production, provide only a partial assessment of food security [2, 15]. Thus, a holistic approach 
for assessment of food security is needed to cover the major components of food security as many as possible.
This paper presents an approach for spatially explicit assessment of potential risks of food insecurity. This was 
implemented under an integrated modeling framework, which incorporates the major components of food security 
into assessment.
2. Methodology
2.1General framework
The general framework for spatially explicit assessment of potential risks of food insecurity in this study was 
illustrated in Figure 1. We combined together the biophysical, social and economic factors to assess food security.
Crop production as a biophysical factor can directly influence the local food supply. Future food supply will have to
heavily rely on domestic production when the purchasing power is not strong enough. Population as a social factor 
can largely influence the total demand for food. A higher population growth generally requires an increasing amount 
of food supply, and may impose threat to local food security. Gross Domestic Product (GDP) as an economic factor 
can impact the purchasing power of consumers. Although some countries such as India can produce enough food to 
feed their entire population, there are still a large number of hungry populations because many people are very poor 
and cannot afford to purchase sufficient food on the market. Moreover, when local food production cannot meet the 
growing demand for food in some regions such as Singapore and HongKong, a high per capita GDP can allow their
people to purchase the needed food from the market, and thus remains food security. Low food production 
associated with poverty is thus the determining factor to starvation.
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Based on these three factors, two indicators were used here to cover the four dimensions of food security. One 
indicator denotes the per capita food availability and was used to represent the status of food availability and 
stability. The other indicator describes the per capita GDP and was used to reflect the situation of food accessibility 
and affordability. The per capita food availability was determined by total food production and population, while the 
per capita GDP was determined by total GDP and population. These two indicators were linked to an integrated 
modeling framework, which includes three main models and their relationships are shown in Figure 1. The total 
food production was defined by crop yields and crop areas. Of these, the crop yields were analyzed with the GIS-
based Environmental Policy Integrated Climate (EPIC, Version 8120) model, while the crop areas were estimated
with the crop choice decision model. The per capita GDP was analyzed with the International Food Policy and 
Agricultural Simulation (IFPSIM) model.
A complete description about the three models has been documented in Wu et al. [16]. The GIS-based EPIC 
model treats each grid cell as a site and simulates the crop-related processes for each predefined grid cell with 
spatially distributed inputs, and was used to estimate the potential yields of different crop types under a given 
biophysical and agricultural management environment. The crop choice decision model was developed using 
Random Utility Theory and used to analyze the changes in crop areas by investigating changes in crop choice 
decisions among a variety of available alternatives [17]. The IFPSIM model was utilized to evaluate the price of the 
test crops in the international market. It is a partial equilibrium and interactive model, allowing for the simultaneous 
determination of supply, demand, trade, stock levels and prices for 14 commodities of the world [18].
Figure 1. Framework for spatially explicit assessment of potential risks of food insecurity.
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2.2Steps for assessing potential risks of food insecurity
For a given study period between the year t1 and the year t2, based on the simulated crop yields and crop areas, 
the changes in total food production were firstly assessed by comparing the food production in the targeted year t2
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with those in the baseline year t1. Change ratio of total food production (CR_p) was calculated with the following 
Equation 1. 
                                                                (1)
where CR_p is the change ratio of total food production; Y is the crop yield for crop type i; A is the crop areas for 
crop type i; n is the total number of crops.
A CR value higher than one in a grid cell means total food production in that grid cell will increase in the year t2,
while a CR value lower than one means the total food production will decrease. Yet, it should be noted that 
assessment of food security by thinking only the changes in total food production and disregarding the population 
status remains limited. Even though the overall food production will not decrease for some regions, per capita food 
availability may decrease when considering population growth. To understand whether the projected changes in 
total food production will influence the overall food availability, we calculated relative changes in per capita food 
availability (CR_a) for the same period with the following Equation 2.
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where CR_a is the change ratio of per capita food availability; Y is the crop yield for crop type i; A is the crop areas 
for crop type i; POP is the total population; n is the total number of crops.
Secondly, a separate analysis for the changes in per capita GDP were undertaken because it can strongly impact 
the purchasing power and determine whether a country or region is able to import more food from outside during the 
study period. In doing so, we first computed the overall increase in per capita GDP between t1 and t2, as done in Liu 
et al. [9]. We then calculated the relative difference between the growth rate of per capita GDP in a grid cell and the 
average per capita growth rate. In case that the growth rate of per capita GDP in a grid cell is higher than the average 
per capita growth rate between t1 and t2, it was assumed that people in this grid cell may have more purchasing 
power and financial capacity to import food when the per capita food availability in this grid cell decreases in the 
future. In case that the growth rate of per capita GDP is lower than the average growth rate, we assumed that less 
food per capita will be purchased in that grid cell.
Finally, the changes in per capita food availability and the changes in per capita GDP were combined to examine 
the hotspots of potential risks of food insecurity for the study period through identifying the areas with both 
decreased per capita food availability, as well as a slower growth rate of per capita GDP than the average growth
rate. These areas need to get more attention as the starvation may occur there for the study period.
3. An Illustration
3.1Case study and data sources
This study demonstrates the application of the proposed approach to assess the potential future risks of food 
insecurity at a global scale over a period of approximately 20 years, starting with the year 2000. According to the 
FAO statistical database [19], the four crops of rice, maize, wheat and soybean make up nearly 80% of the global 
cereal harvested area 86% of global cereal production. Only these four major crops were taken into account in this 
case study.
Running the three models required a very large amount of input data, including spatial and socio-economic data.
Among them, the most important input data are climatic data, soil data, population data and GDP data. Historical 
and future monthly data on maximum temperature, minimum temperature and precipitation between 2000 and 2020 
Wenbin Wu et al. / Agriculture and Agricultural Science Procedia 1 (2010) 325–333 329
were obtained from the high resolution projections of MIROC (Model for Interdisciplinary Research on Climate) 3.2. 
The MIROC GCM were developed for the IPCC AR4 by the Center for Climate System Research, University of 
Tokyo, the National Institute for Environmental Studies in Japan, and the Frontier Research Center for Global 
Change, Japan Agency for Marine-Earth Science and Technology [20]. In order to reduce the abnormal variations of 
climate change, 10-year average data was calculated for the year 2000 (1991–2000) and 2020 (2011–2020). Soil 
parameters of soil depth, texture, percent sand and silt, bulk density, pH, and organic carbon content were derived 
from the Global Soil Data Products [21]. The population and GDP data were collected from the International
Institute for Applied Systems Analysis (IIASA) [22]. The IIASA datasets were produced with a 30 arc-minute 
resolution for the period of 2000-2100. The projections of future population and GDP follow the qualitative scenario 
characteristics of the original SRES scenarios. Since there is little difference between the different scenarios in terms 
of GDP and population development in the relatively short time span between 2000 and 2020, only the population 
and GDP data for the A1 scenario were used in this study. All other data used for model simulations have been
described in detail in Wu et al. [16].
3.2Changes in per capita food availability
Based on the crop yields simulated with GIS-based EPIC model and crops areas simulated with crop choice 
decision model, the production of each crop in a grid cell can be calculated. To assess the changes in total food 
production of all studied crops as a whole, we summed up the food production from all four crops for 2000 and 2020,
and computed the change ratio values using the Equation 1. The results are shown in Figure 2. It can be seen that the 
total food production will reduce in several regions such as southern China, southern and south-eastern Asia, 
western and eastern Europe, Northern Great Plains in USA, Brazil and some African countries. These changes in
crop production are closely related to the decreases in crop yields due to future climate change. Adaptation and 
mitigation measures should be taken soon to combat the adverse effect of climate change on crop production. In 
contrast, climate change will lead to an increase in total food production in some regions in northern China, northern 
India, northern Europe, central USA, Argentina, Australia and some eastern African countries such as Kenya and 
Zimbabwe.
Figure 2. Changes in total food production during 2000–2020.
Note: the legend less than one means that total food production will decrease between 2000 and 2020, more than one means 
that total food production will increase between 2000 and 2020. For instance, the legend 0.5-0.75 means a reduction between 50-
25%.
When considering the population growth, changes in per capita food availability between 2000 and 2020 may 
show different change trend from what is shown in Figure 2. Figure 3 shows the calculated changes in per capita 
food availability during 2000–2020. Grid cells with an increase in per capita food availability are shown in green 
tones. A substantial increase in per capita food availability can be found in some parts located in northeastern and 
southwestern China, eastern and southern Europe, central USA and central Brazil. Noticeable increase can also be 
found in some regions in south-eastern Asia, Argentina, southeastern Africa and Australia. Grid cells with decreased
per capita food availability during 2000–2020 are displayed in magenta tones. These areas are located in northern 
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and southern China, most southern and southeastern Asian countries, western Europe, USA, southern Brazil,
Argentina, and most African countries. 
Figure 3. Changes in per capita food availability during 2000–2020 (see Figure 2 for legend description).
3.3Changes in per capita GDP
It can be argued that the hotspots located in Figure 3 may change when there will be a substantial increase in 
purchasing power in the 2020. Based on the growth rate of GDP per capita in grid cell and the global average 
growth rate between 2000 and 2020, the relative changes in per capita GDP with respect to global average were 
calculated and shown in Figure 4. Not surprisingly, areas with the highest growth rate of GDP per capita during
2000–2020 are located in developing countries such as China, southeastern Asian countries and Latin-American 
countries. Some southeastern and northern African countries such as Botswana, Mozambique, Morocco and Egypt 
also have a projected higher growth rate of GDP relative to global average growth rate. These areas with a relative 
higher GDP growth are likely to have the capacity of being able to import food in the future. The effect of the
increasing purchasing power may compensate the decrease in per capita food availability in these areas. The areas in 
particular located in southern Asian countries such as India and Afghanistan, and most African countries are likely
to experience a dramatic decrease in the capacity to import food on a per capita basis than currently as the growth 
rates of GDP in these areas are 35-50% lower than the world average growth rate between 2000 and 2020. The food 
supply in these areas will strongly rely on the local food production due to their low capability of purchasing food 
from outside. It can be also found that most developed countries have the lower growth rate of GDP per capita 
relative to global average. The lower growth rates of GDP per capita in these developed countries may also have 
some impacts on the food supply.
Figure 4. Changes in per capita GDP during 2000–2020.
Note: the legend less than one means indicates a lower growth rate of GDP than the global average growth rate between 2000
and the 2020, and more than one indicates a higher growth rate of GDP than the global average growth rate between 2000 and the 
2020. For instance, the legend 1.25-1.5 means the growth rate of GDP is 25-50% higher than the global average growth rate.
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3.4Potential risks of global food insecurity
Based on the changes in per capita food availability (shown in Figure 3) and the changes in per capita GDP 
(shown in Figure 4), it is possible to identify the future hotspots of food insecurity by identifying those grid cells 
where the per capita food availability will decrease and the growth rate of per capita GDP will be below the world 
average during the period of 2000–2020. These results can be categorized into three classes, as shown in Figure 5.
Both the classes shown in green tones and blue tones might be able to improve their food security situation due to 
either an increase in per capita food availability or an increase in the capacity to import food between 2000 and 2020.
According to our results, China, most eastern European countries and most southern American countries are not 
likely to face severe food insecurity in the next 20 years. However, the grid cells in red tones located southern Asian
and most African countries will likely remain hotspots of food insecurity in the future. In these regions, both the per 
capita food availability and the capacity of being able to import food will decrease between 2000 and 2020. The 
local food production may not be able to meet their food demands and their populations are also not able to purchase 
more foods from outside through trade, thus more efforts are needed to combat hunger in terms of future actions 
(such as food aid and development programs). It should be noted that although some developed countries such as 
western European countries, USA and Japan will also experience both a decrease in per capita per capita food 
availability and a decrease in per capita GDP, their populations will still be food-secure as their populations less 
relies on subsistence agriculture and their high capabilities of importing food due to the strong purchasing power 
and financial support, as well as the substantial adaptive capacity and proactive food management systems.
Figure 5. Potential risks of global food insecurity during 2000–2020.
4. Discussion and Conclusions
This paper presents an approach for spatially explicit assessment of potential risks of food insecurity under an 
integrated modeling framework. The model results were linked to two indicators to cover the four dimensions of 
food security as many possible. The simulated crop yields and crop areas were combined to calculate the changes in 
total food production and per capita food availability, which represent the status of food availability and stability.
The calculated changes in per capita GDP reflect the situation of food accessibility and affordability. Based on these 
two indicators, the potential risks of food insecurity can be assessed for a certain location and time period.
This proposed approach was applied to assess potential future risks of food insecurity at a global scale over a 
period of approximately 20 years, starting with the year 2000. The results show that both changes in per capita food 
availability and changes in per capita GDP vary across regions worldwide. This could be likely to influence the 
global food security during 2000–2020. Some regions such as China, most eastern European countries and most 
southern American countries where there is an increase in per capita food availability or an increase in the capacity 
to import food between 2000 and 2020 might be able to improve their food security situation. On the contrary, in 
certain regions such as southern Asian and most African countries, both the per capita food availability and the 
capacity of being able to import food will decrease between 2000 and 2020, these regions will likely remain 
hotspots of food insecurity and their population are likely to face undernutrition problems in the future. Thus, more 
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efforts are needed to combat hunger in terms of future actions. Although most developed countries will also 
experience both a decrease in per capita per capita food availability and a decrease in per capita GDP, these 
countries are likely to be food-secure due to their higher income and purchasing power.
This study is constrained by several limitations. First, this study did not intend to make a real food security 
assessment, but attempted to examine the hotspot regions where there is a high potential risk of food insecurity.
These areas need to get more attention as the hunger may occur there. Thus, these results of future food insecurity 
assessment do not constitute a “prediction” of the future. Second, the SRES socio-economic scenarios and the 
MIROC climate change scenarios were used to drive the crop price models to drive the crop yield model,
respectively. All the future scenario interpretations, parameterization and the downscaling from global to regional 
level were based on judgments that may be subjective, and thus have high uncertainty. When these future scenarios 
data were used as the input for model simulation, it might contain some uncertainties [17]. Whether this could be 
translated into the “likelihood” of certain futures occurring remains controversial, but exploring the possible future 
changes may provide valuable information for decision makers to set priority areas to combat hunger. Furthermore, 
the approach to identify hotspots of food insecurity contains certain subjective elements. The study only considered 
the globally widespread four crops and ignored other region-specific crop types. This could underestimate the food 
production for some regions. We also considered limited adaptive capacity such as the use of new crop varieties and 
crop management options. All these together could influence our assessment results of food security to some extent.
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